Abstract Cells stimulated with physiological stimuli usually exhibit oscillations in cytosolic Ca 2?
Introduction
The increase in intracellular Ca 2? concentration ([Ca 2? ] i ) is a ubiquitous intracellular signal pathway for controlling diverse cellular processes such as proliferation, development, contraction, secretion, apoptosis and necrosis (Clapham 1995; Berridge et al. 2000; Frey et al. 2000) . Increases in [Ca 2? ] i have a wide range of spatial and temporal arrangement adapted to various stimuli from intra-and extracellular space, thereby providing a fine tuning for a precise regulation of different cellular functions. In both excitable and nonexcitable cells, it has been realized that local and global Ca 2? signals inside cells are usually regulated distinctly and contribute to different physiological phenomena (Clapham 1995; Hardingham et al. 1997; Frey et al. 2000; Berridge et al. 2003) . Local Ca 2? signals (e.g., sparks and puffs), the spontaneous elementary events, occur at resting state and can contribute to the resting level of Ca 2? and certain physiological processes such as activation of ion channels (Meyer and Stryer 1991; Clapham 1995; Berridge et al. 2003) . Global Ca 2? signaling, demonstrated as simply sustained elevation in [Ca 2? ] i or complex temporal Ca 2? fluctuations like repetitive oscillations or waves, is usually arising from excitation stimulations and contributes to various cellular processes such as excitation-contraction, excitation-secretion and excitation-expression couplings (Meyer and Stryer 1991; Clapham 1995; Hardingham et al. 1997; Berridge et al. 2003) . It is widely accepted that the type of repetitive Ca 2?
transients or oscillations reflects a normal Ca 2? signaling pattern in cells as they are generated at more physiologically-relevant concentrations for an agonist, whilst the sustained [Ca 2? ] i plateau signals are often seen following potent stimulation or maximal agonist concentrations (Bootman et al. 1997; Shuttleworth 1999; Berridge et al. 2000) . In addition, more recent studies indicate that some specific intracellular second messengers and a variety of physiological processes are finely modulated by the information encoded in the frequency, amplitude and duration of [Ca 2? ] i transients (Thomas et al. 1996; Watt et al. 2000; Reither et al. 2006; Willoughby and Cooper 2006; Zhu et al. 2008) . Therefore, it is important to investigate the dynamic characteristics and underling mechanism(s) hidden in this particular Ca 2? signaling for a better understanding of their roles in the regulation of cell functions. However, physiological Ca 2? oscillatory responses are difficult to be induced in individual cells in vitro, especially in wild type cell lines. This is likely due to various factors like the status of endoplasmic reticulum load (Bird and Putney 2005) , the degree of Ca 2? influx across cell membrane (Luo et al. 2001; Sneyd et al. 2004 ) and the buffering ability of the mitochondria (Vay et al. 2007 ), all of which dramatically influence the initiation and patterns of Ca 2? transients independently. In addition to the factors inherited in the cells, we found, in the current study, that several experimental factors also greatly influenced or even prevented the endogenous [Ca 2? ] i oscillating genesis in the wild type human epithelial kidney (HEK293) cells, a cell line commonly used for investigating [Ca 2? ] i oscillation complexity and functional properties (Shuttleworth and Thompson 1998; Luo et al. 2001; Sneyd et al. 2004; Gerbino et al. 2005; Rey et al. 2005 ).
Materials and methods
Cell culture HEK293 cells obtained from the ATCC were grown at 37°C in Dulbecco's Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum and 2 mM glutamine in a humidified 95% air, 5% CO 2 incubator. For Ca 2? measurements, cells were plated onto glass coverslips, cultured for 24 h to about 60% confluence, and used within 24-30 h after plating.
Fluorescence measurements
Fluorescence measurements in single HEK293 cells were described previously (Luo et al. 2001) . In brief, the coverslips with attached cells were loaded with acetoxymethyl ester of fura2 (fura2/AM, Molecular Probes) 1 lM at 37°C in the dark for 25 min, and then washed three times and incubated for 30 min in HEPES-buffered physiological saline solution (HBSS: NaCl, 120 mM; KCl, 5.4 mM; Mg 2 SO 4 , 0.8 mM; HEPES, 20 mM; CaCl 2 , 1.8 mM; and glucose, 10 mM; with pH 7.4 adjusted by NaOH).
Fluorescence was monitored by placing the Teflon chamber with fura2-loaded cells onto the stage of a Nikon Diaphot microscope (403 Neofluor objective). The cells were excited alternatively by 340 and 380 nm wavelength, and the emission fluorescence intensity at 510 nm was recorded by a photomultiplier tube (Omega Optical). All experiments were conducted at room temperature (23 ± 2°C), except indicated, and carried out within 2 h of loading for each coverslip. The data are expressed as the ratio of fura2 fluorescence due to excitation at 340 nm to that due to excitation at 380 nm (F340/F380).
Assessment of fura2 loading
The fura2 loading inside cells was assessed by the background subtracted fluorescence values (counts per seconds) obtained at 380 nm excitation light before any stimulation. Background fluorescence was the value of F380 after complete quench of fura2 by MnCl 2 .
Statistics
Data were analyzed and presented as means ± (S.E.) of n separate measurements. When appropriate, statistical comparisons between groups were carried out with 2-way unpaired Student's t test or v 2 test. The accepted level of significance was p \ 0.05.
Reagents
All reagents and drugs were purchased from Sigma-Aldrich, except for those indicated. (Fig. 1a) . As the concentrations of Carb were lowered to 10, 5 and 2 lM, the amplitude and the lasting duration for the Ca 2? increase were reduced accordingly ( Fig. 1b-d or lower concentrations of agonist in vivo and even in vitro circumstances (Thomas et al. 1996; Shuttleworth 1999; Berridge et al. 2000; Zhu et al. 2008 ). Thus, because no any oscillating response could be found in the wild type cells (Fig. 1) , we speculated that the failure of [Ca 2? ] i oscillating measurement may be due to some extrinsic factors like the experimental conditions that we adopted rather than the cellular intrinsic regulators such as the status of endoplasmic reticulum load (Bird and Putney 2005) , the degree of Ca 2? influx across cell membrane (Luo et al. 2001; Sneyd et al. 2004) or the mitochondrial buffering ability (Vay et al. 2007) (Fig. 1) . Importantly, while sinusoidal Ca 2? signals and transient oscillations were seen in most of 0.5 lM fura2/ AM loaded cells (panels 10 and 5 lM Carb in Fig. 2a) , the typical Ca 2? oscillations showed up in partial cells loaded with fura2/AM at much lower concentration (0.1 lM) and activated with 5 lM Carb as indicated in Fig. 2b . These cells loaded with 0.1 lM fura2/AM demonstrated less than 30% fluorescence loading intensity proportional to the value of cells loaded with 1 lM fura2/AM (Fig. 3) , but 1/3 of them gave the long lasting repetitive Ca 2? spikes upon 5 lM Carb stimulation (27/87 cells from independent experiments) during 40 min period of recording, a response rarely seen in 0.5 lM (Fig. 2a) and never observed in 1 lM fura2/AM loaded cells (Fig. 1) except to a higher concentration of Carb (5 lM). This is likely due to the difference in receptor expression density and receptor sensitivity to stimulations between transfected and wild type cells.
Results and discussion

Intracellular
Although not all the cells tested oscillated in response to Carb, these results did demonstrate that under condition of loading cells with a proper concentration of fura2/AM the native Ca 2? oscillations can be produced upon a stimulation of physiologically-relevant agonist concentration in wild type HEK293 cells. This requirement for an indicator concentration indicates that the loading state of fura2/ AM, or exactly the quantity of fura2 inside the cells (Fig. 3) , greatly affects the observation or actually the formation of repetitive Ca 2? transient signaling and finally determination of Ca 2? signal types.
Therefore, caution should be taken in using Ca 2?
indicators, especially for a high-affinity Ca 2? indicator to detect small [Ca 2? ] i signals like sparks, waves or repetitive transients. In fact, ion indicators function as chelators for a specific ion. They determine a specific ion concentration via changes in their fluorescence properties like absorption, intensity, or spectra, meanwhile, they also cause experimental problem, in particular the high-affinity Ca 2? indicators such as fura2 and calcium green-1 may buffer small amounts of intracellular free Ca 2? when they enter into the cells at higher concentrations (Hofer and Machen 1994; Takahashi et al. 1999 ). In the current study, the repetitive Ca 2? spikes could not be detected by fura2 at commonly used concentration (1 lM), but was slightly exhibited at concentration of 0.5 lM and eventually detected by loading cells with 0.1 lM fura 2 ( Figs. 1 and 2 ). This phenomenon was also noticed in other studies in different cell lines and a notion is reached that low-affinity Ca 2? indicator such as fluo 3 or fura-5F are preferred for such measurements of small [Ca 2? ] i signals as spikes, waves and oscillations (Hofer and Machen 1994; Takahashi et al. 1999; Bird and Putney 2005 concentrations in the medium on the formation of Ca 2? oscillatory response in these cells. Three groups of cells loaded with 0.1 lM fura2 were respectively incubated with HBSS containing 1.8, 1.5 or 1.2 mM CaCl 2 throughout the experiment, and exposed to 5 lM Carb for at least 40 min. As shown in Fig. 4 and showed the least transients and the shortest duration among the three groups.
Previous studies have implicated that Ca 2? oscillations can not be induced in null extracellular Ca 2? (Clapham 1995; Shuttleworth and Thompson 1998; Luo et al. 2001; Bird and Putney 2005) ; neither in 2.5 mM extracellular Ca 2? (Paltauf-Doburzynska et al. 2000) . In agreement with the reports, these data also demonstrates that extracellular Ca 2? can be an important factor affecting the oscillatory responses, and the concentration of 1.2-1.5 mM Ca 2? outside the cells is relatively appropriate for the generation of Ca 2? oscillation in the wild type HEK293 cells.
In addition to the elements tested above, we also examined whether the experimental temperature might share influence on the formation of Ca concentration in the cell medium should also be modified carefully because this factor can affect the transient frequency as well as occurrence rate (Fig. 3 and Table 1 ). Also, the physiological temperature ought to be taken since more cells oscillate at this condition. Therefore, this study provides a useful approach for the measurement of the physiological signaling system. They may protect cells from the toxic effects of sustained increases in [Ca 2? ] i and allow information to be encoded in the frequency, amplitude and duration of the Ca 2? spikes. Currently, many studies demonstrate that multiple cellular events are tuned to respond optimally to specific frequencies and patterns of Ca 2? spiking ( (Berridge et al. 2000; Frey et al. 2000; Watt et al. 2000; Reither et al. 2006; Zhu et al. 2008) , but the mechanisms underlying their formation and dynamic characteristics are diverse and remained to be explained (Frey et al. 2000; Carafoli 2002; Berridge et al. 2003) . In this regard, investigation in cell lines in vitro, particularly in HEK293 cells, has appeared to be one of the important approaches for obtaining evidence of and information on this type of Ca 
